Introduction 39
Garlic (Allium sativum) is an integral part of Euro-Asian local cuisines, both for its specific aroma 40 as well as its taste. It is also associated with a wide range of health benefits. For instance, records 41 from Ancient Egypt suggest that pyramid builders were fed with garlic to acquire extra vigor 42 (Rivlin, 2001) , and several cloves of garlic were found in the tomb of the pharaoh Tutankhamun. 43
Pliny the elder prescribed garlic for treating gastrointestinal disorders, asthma, madness, tumors, 44 and worms. Furthermore, it was used for medical purposes by other ancient medical authorities such 45 as Hippocrates, Aristophanes and Galen (Block, 1985) . The antibacterial properties of garlic were 46 recognized by Louis Pasteur and, during the Second World War, garlic was used as an antiseptic in 47 4 odour of amniotic fluid, as samples obtained from women who had ingested garlic capsules were 85 judged to be stronger or more garlic-like than samples collected from women consuming placebo 86 capsules (Mennella, Johnson, Staley, & Beauchamp, 1995) . 87
In contrast to the evidence reviewed above, there is currently no direct empirical evidence that 88 garlic consumption similarly influences axillary odour. One may expect such an effect as the studies 89 involving breast and amniotic fluid odour indicate that volatile molecules are transported from the 90 digestive system to the bloodstream. Subsequently, the volatile molecules could be transported from 91 arteries to eccrine or other skin glands which subsequently secrete these compounds onto the skin 92 surface. Furthermore, several anecdotal accounts point to the smell of garlic from the skin 93 Lenochova (2006) found that body odour of individuals on a non-96 meat diet was perceived as more pleasant, attractive and less intense compared to the same 97 individuals on a meat diet. 98
Our main aim in this study was therefore to test the effect of garlic consumption on axillary odour 99
Fourteen women (mean age 24.6; range 20 -35 years) took part in the first study. In the second and 117 third studies, a further 40 (mean age 22.5; range 19 -32 years) and 28 (mean age 22.6; range 19 -36 118 years) raters took part. . All were Charles University students and were contacted via e-mail or 119 posters. All were using hormonal contraception, to avoid changes in olfactory perception during the 120 menstrual cycle (Doty, 1981; Navarrete-Palacios, Hudson, Reyes-Guerrero, & Guevara-Guzman, 121
2003; Martinec Nováková, Havlíček, & Roberts, 2014). In the first study, the raters received a 122 chocolate bar, while in the second and third studies they were given 100 CZK (approximately 5 123 USD) as compensation for their time. 124
Odour sampling procedure 125
We used a balanced within-subject design in which odour donors were randomly assigned to one of 126 two groups (A, B). Odour donors in group A were in the "garlic" condition during the first session, 127 while those in group B were in the "non-garlic" condition; conditions were reversed in the second 128 session which took place one week apart. In study 1, donors in group A ate a slice of bread with 6g employed in previous studies assessing garlic gases in the oral cavity and intestines (Suarez et al., 133 1999) . To test the effect of dosage, in study 2 we doubled the original dose (to 12g). In the third 134 study, donors in group A were given 12 commercially available Walmark Alicin 1000 mg garlic 135 capsules (http://www.walmark.eu/eu/pages/products.aspx?nl_product_id=1017), each capsule 136 containing 1000 mg of garlic extract which corresponds to 12g of fresh garlic dissolved in soybean 137 oil, while those in group B received a placebo (capsules with soybean oil). 138
Each participant received a written list of instructions. The day before sampling and during the 139 sampling day, they were asked to refrain from (i) using perfumes, deodorants, antiperspirants, 140 aftershave and shower gels, (ii) eating meals containing garlic, onion, chilli, pepper, vinegar, blue 141 cheese, cabbage, radish, fermented milk products, marinated fish, (iii) drinking alcoholic beverages 142 or using other drugs and (iv) smoking. They were further asked to avoid strenuous physical (e. g., 143
jogging, aerobic), and sexual activities or sharing bed with their partner or pet during sampling. The 144 night before sampling and in the following morning the donors were asked to wash without using 145 soap or shower gel. The next evening, between 17 and 19 hours, they visited the laboratory where ambient odours, the donors were asked to wear new white 100% cotton T-shirts (previously washed 156 without washing powder) as their first layer of clothing. We did not control their food intake before 157 the onset of the study, however, they were asked not to consume further meals while wearing pads. 158
The next morning, they put the pads into zip-lock plastic bags and handed these back to the 159 experimenters. The samples were immediately placed in a freezer at -32°C; so long as samples are 160 thawed before rating, freezing has no significant effect on hedonic ratings ( particularly on the day of sampling, were found. In the first study, one donor in the experimental 164 condition reported eating garlic and another used a shower gel during the first session. During the 165 second session one donor reported eating onion; two others had a glass of beer (0.5 l) and one used 166 a perfume. In the second study, two donors reported using shower gel and one donor had wine 167 during the first session. During the second session one donor used shower gel, one ate a fermented 168 milk product and the other had a glass of beer. In the third study, two donors reported eating onion 169 and another two using shower gel; one had one glass of wine during the first session. During the 170 second session, two donors had consumed fermented milk products, one ate onion, and another had 171 a glass of wine (2 dcl). However, exclusion of these samples from the statistical analysis did not 172 significantly affect the findings. 173
Odour rating procedure 174
Ratings took place in a quiet, ventilated room. The temperature across all three studies was between 175 20.9 and 22.4°C (30%-37% humidity). One randomly selected stimulus (a pad worn in the left or 176 right armpit) from each participant was enclosed in a 250 ml opaque jar labelled by a code. The 177 armpit (left, right) from which the odour stimulus was used was kept constant across both testing 178 sessions. Pads were presented as pairs, with each pair consisting of samples acquired from the garlic 179 and non-garlic condition of a particular donor. Raters were instructed not to use the same value7 procedure (the equivalent of a forced-choice test) is designed to detect subtle effects as it clarifies 182 differences between the tested groups. Each rater assessed all collected paired samples from the 183 donors (i. e., 10, 16 and 16 pairs of pads across the first, second and third study, respectively). 184
However, to avoid odour adaptation, the samples were randomly split into sub-sets (2 groups in 185 study 1, 3 groups in studies 2 and 3), and raters were given a break between assessing each set. 186
During breaks, raters were offered mineral water and completed an additional questionnaire. Raters 187 were asked to rate male body odour samples and stimuli were assessed on a 7-point scale for their 188 (i) pleasantness, (ii) attractiveness, (iii) masculinity and (iv) intensity. Both ends of each scale were 189 anchored by verbal descriptions (e.g., very unpleasant and very pleasant). In the event that raters 190 found any of the samples too weak to assess, they were asked to select "I cannot smell the sample" 191 instead of using the rating scales; these samples were not included in further analysis. The ratings 192
were written down immediately after sniffing each stimulus, but the time spent sniffing was not 193
restricted. 194

Statistical analysis 195
Kolmogorov-Smirnov tests showed normal data distribution in all of the three studies. We 196 computed mean odour ratings for both of the tested conditions (garlic and non-garlic). The odour 197 samples might undergo further changes during the rating session. To test for this potentially 198 confounding variable, we split the ratings assessed during the first and second half of the session 199 and entered this variable into the analysis (e.g., in study 1, ratings made by raters 1 -7 were 200 compared to ratings by raters 8 -14). As our design was within-subjects, the mean ratings were 201 subsequently compared using repeated-measures ANOVA with the time of day as a between-202 subject factor (entered as a binominal variable). The data were analysed using mean subjects 203 (raters) ratings as the unit of analysis to test possible changes in the perception of axillary odour 204 sampled under different conditions. Each study was then analysed separately. Note that although 205 raters, rather than donors, were used as the unit of analysis, the ratings explicitly incorporated a 206 comparison between pairs of odour samples from the same donors. Our experimental design and 207 analytical approach therefore produces results that should be generalizable across donors, while 208 controlling for individual variability of rater's olfactory perception. The statistical package SPSS 209 v.20 was used for all testing. 210 211 Table 1 shows descriptive statistics for each rated variable, including mean scores (and SD), the 213 total number of ratings, and the number of analyzed ratings after exclusion of samples that were 214 judged to be too weak to be detected by some raters. In study 1, we found no significant differences 215 between experimental (garlic) and control conditions (non-garlic) for ratings of pleasantness (F(1,  216   12 (Fig.  244 2). Again, no significant effect of time of day was found for ratings of pleasantness (F(1, 26) p=0.058, ŋ 2 =0.131), although the differences were significant for masculinity ratings: masculinity 247 was rated lower during the first half of the session (F(1, 26) The main aim of this study was to test whether garlic consumption affects human axillary odour. In 266 study 1, we found no significant effect of consumption of 6g of crushed garlic (approximately 2 267 cloves of fresh garlic) on perceived quality of axillary odour. To test whether this might be due to 268 insufficient dosing, we doubled the dose of consumed garlic in study 2. As predicted, we then found 269 a significant influence of garlic consumption on axillary odour, although unexpectedly we found 270 that odour collected after consumption of the garlic was rated as more pleasant rather than less 271 pleasant, and less (rather than more) intense. The robustness of these findings was subsequently 272 confirmed in study 3, with the use of garlic capsules instead of raw garlic. 273
Effects of garlic on axillary odour 274
Our results showing that consumption of garlic affects quality of axillary odour are consistent with 275 previous studies testing the influence of garlic consumption on quality of human breast milk and 276 amniotic fluid. It was observed, for instance, that infants attached to the breast for longer periods of 277 time, and consumed more milk, when the mother consumed garlic capsules (Mennella & 278 Beauchamp, 1991). Interestingly, the authors interpreted the increase in suckling behaviour either in 279 terms of prior experience with this flavour during pregnancy and early months of lactation, or in 280 terms of response to a novel odour (Mennella & Beauchamp, 1993) . However, our findings suggest 281 an alternative explanation: garlic may have improved the odour and flavour of breast milk for 282 infants in a similar way as occurred in our study with axillary odour. Indeed, when adult panellists 283 rated the odour of breast milk (Mennella & Beauchamp, 1991) and amniotic fluid (Mennella & actually more intense or the panellists really smelled the garlic odour. Moreover, blinded conditions 288
were not met as the panellists were asked to indicate which samples smelled "more like garlic" and 289 therefore could be influenced by expectations of garlic odour. In contrast, our experimental design 290 followed a double-blinded protocol and neither raters nor experimenters were aware, at time of 291 testing, the condition under which the individual samples were collected. Our raters were aware that 292 were rating male body odour samples. One might argue that such specific knowledge could skew 293 the ratings (e.g. positively for pleasantness, negatively for attractiveness), thus creating floor or 294 ceiling effects which would in turn decrease the likelihood of finding significant differences. 295
However, visual inspection of the data distribution and significant results suggest that this was not 296 the case here, and such knowledge of the nature of the odour stimuli is not unusual in odour rating 297 studies. 298
Several compounds responsible for garlic´s specific aroma have been identified. When garlic is 299 chopped or crushed, the clove's membrane disrupts and odorless allin (S-allylcysteine sulfoxide) is 300 transformed into allicin (diallyl thiosulfinate) by action of the enzyme allinase (C-S liase) (Block, 301 1985) . The main components of the volatile oil are sulfur compounds, especially allicin, which are 302 responsible for the typical odour of garlic. However, allicin is unstable and converts readily into because the sulphurous constituents are highly volatile and many leave the body through the mouth 310 (Suarez et al., 1999) . This is attributable to the lack of gut and liver metabolism of this gas or to 311 rapid metabolism of the other gases. It was therefore concluded that breath odour after garlic 312 ingestion initially originates from the mouth and subsequently from the gut (Suarez et al., 1999) . 313
One might question whether or not our experimental design allowed chemicals from garlic 314 sufficient time to manifest its effects. It was recently shown that initial levels of volatiles released 315 from the breath decrease about 4 hours after garlic consumption. Initial levels are assumed to be 316 volatiles released from the stomach. However, a second peak of an increase of the volatiles was 317 observed about 6 hours and it is thought that these compounds are being released from the blood 318 (Rosen et al., 2000) . Such a time period approximately corresponds to half of our sampling time,axillary region. In study 2, we found an increase in pleasantness and attractiveness ratings after 321 garlic consumption, while in study 3 this effect was observed only for attractiveness ratings. The 322 slightly different outcomes between study 2 and study 3 could be ascribed to the somewhat different 323 nature of the stimuli (fresh garlic versus garlic capsules with soybean oil). Soybean oil could deliver 324 only the fat soluble fractions of the garlic extract, while fresh garlic could also contain the water 325 soluble fractions. Thus, some of the substances responsible for the increase in pleasantness might 326 not have been released after the use of soybean oil in study 3. and Shigella spp. were found to be sensitive to garlic (Ankri & Mirelman, 1999) . Allicin and ajoene 365 appears to be the main chemicals responsible for these wide-spectrum antimicrobial effects due to 366 the multiple inhibitory effects they have on various thiol-dependent enzymatic systems. Studies also 367 suggest that garlic has an antifungal effect and antiviral activity against several viruses including 368 The health effects of garlic consumption may also be responsible for our findings. Garlic ingestion 386 could affect axillary odour indirectly through the antioxidant properties documented in previous 387 studies. Sulphur-containing compounds from garlic are known to protect endothelial vascular cells 388 and vessels against oxidative stress (Borek, 2001 ) which is caused by highly reactive oxygen 389 molecules and may therefore play a significant role in the defence against free radical-mediated 390 disorders (Wei & Lau, 1998) . Although the precise mechanism of this effect is still debated, garlic 391 could either decrease or prevent production of the reactive molecules and/or their metabolites. 392
Furthermore, garlic is known to enhance levels of three antioxidant enzymes: superoxide dismutase, 393 catalase and glutathione peroxidase, which destroy toxic peroxides, and other reactive molecules 394 including glutathione (Borek, 2001 ). Changes in levels of these molecules, their metabolites or 395 other oxidative stress related compounds might affect quality of the axillary odour. 396
Another possible mechanism for how garlic indirectly affects axillary odour is via its antibacterial 397 action. The main sources of axillary odour are compounds produced by apocrine glands (Beier, 
